Abstract: Aiming to improve the control performance in the switched reluctance (SR) motor drives, this paper presents a simple nonlinear mathematical model of SRM. The model depends on describing the characteristic data obtained from finite element analysis (FEA) in a simple parametric formula. An adaptive fuzzy logic PI controller is used with the suggested model in speed control drive system. The controller is designed based on Mamdani type with nine control rules along with Gaussian function memberships. The control technique is implemented and tested under different operating conditions as well as its results are compared with those of conventional PI controller. Both control schemes operate in pulse width modulation (PWM) control mode. The proposed adaptive fuzzy logic PI improves the motor speed performance in terms of tracking precision and travel time.
Introduction
In recent years, the Switched reluctance motor (SRM) has received considerable attention for the variable speed drive application. It's simple construction due the absence of the magnets, rotor conductors, brushes, and high system efficiency over wide speed range make the SRM drive an interesting alternative to compete with permanent magnet brushless dc motor and induction motor drives. However, the motor has numerous disadvantages due to the motor's doubly salient construction as well as highly pulsating torque output and magnetization characteristics [1, 2] . The advanced control methods can improve the operating performance for the whole motor drive system. However, the highly nonlinear magnetization characteristics of the motor cause that the control of the motor is complicated [3] [4] [5] [6] . Earlier control methods can be classified in two groups: those which use a simplified linear model and those which the saturation is taken into account. The simplified linear model schemes have the benefit of simplicity and tractability but are inaccurate in greatest real SR systems, whereas the nonlinear systems have the problem of high complexity and numerical expensiveness which leads to more difficult to represent in real-time [7] [8] [9] [10] [11] [12] [13] . A model based on decomposing the magnetic saliencies due to non-uniform air gap and saturation of laminations at high stator currents is proposed [14] . However, the large number of coefficients which should be calculated limit using this model for online control. A nonlinear model of the SRM based on the equivalent magnetic circuit of the motor as a set of reluctances linked in parallel and in series is presented in reference [15] . However, besides, it needs an accurate geometry data; the B-H curve for each part of the machine as well as the magnetization curve should be defined. Some papers proposed an analytical model derived from the motor geometry and material magnetic property [16] . This approach may be useful for the physical machine model; little guidance is given to model the magnetic structure for the purpose of controller design. A piecewise linear inductance model based on the current and reluctances presented in [17] . The aforementioned discussion concludes that deriving a simple, compact and accurate model to represent the SRM incorporated in a control system is a challenge. In this paper, the FEA is firstly used to analyze the magnetic characteristics of the motor taking the saturation into account. Based on the FEA analysis, a simple nonlinear inductance model is derived. To assure the efficacy of this model in control systems, an adaptive fuzzy logic PI (FLPI) controller is designed. This controller is examined at different transient operations (starting, reference speed change and load change) and compared with conventional PI controller. Both controllers are operated in PWM control mode.
The Proposed Model of SRM
The energy conversion principles show that accurate prediction of the SRM developed torque can be obtained from the relationship between the flux linkage (λ), phase current (i) and rotor position angle (θ). These magnetization characteristics can be obtained from direct measurements on an existing motor or alternatively, from sufficiently precise numerical calculations such as finite element analysis (FEA). So, the finite element method FEM is used, firstly, to analyze the magnetic circuit of the motor under study as shown in Fig.1 . After that a simplified model is derived based on the results of the FE analysis [18] . The flux linkage for phase j can be described as:
Where Lj is the self-inductance of phase j. Hence, the self-inductance can be derived from this equation:
The self-inductance equation is the key input to the proposed model. Based on the flux linkage and phase current data obtained by FEA, the computer program is built to obtain the self-inductance data as a function i and θ [19] . This data is programmed and simulated to obtain inductance-angle curves at different values of phase current as shown in Fig. 2 .
L a (0.5A) Figure. 2 Inductance-angle curves at different values of phase current. Figure 2 shows the variation of phase inductance versus rotor position angle, from which it can be observed that: 1. The phase inductance is constant from θ1 to θ2 and equal the unaligned inductance value Lu. 2. The phase inductance varies nearly linear from θ2 to θ3 and changes with phase current and rotor position angle. 3. The phase inductance depends only on the phase current from θ3 to θ4 and equal the aligned inductance value La for each value of current.
On the other hand, the phase inductance can be represented by a group of trapezoidal curves; its bottom value is constant at Lu and the top value La which changes with phase current. So, it can be described as follows:
Where βS is the stator pole arc, the variation of the aligned phase inductance with the phase current is represented by a second order polynomial equation as The coefficients a0, a1, a2 are determined by the curve fitting method. Based on the formula of the self-inductance Lj, the torque production can be obtained from the basic torque equation:
Substituting Eq. (5) 
The total developed torque is obtained as the summation of the instantaneous torque developed by all phases.
The 
Speed Control of SRM

Conventional PI Controller
With the PI controller, control procedure uses the speed error to determine the reference torque and then determine the reference current which acts with rotor position angle θ and actual currents to produce the commutation angles for hunting the motor to the reference speed command under various operating conditions as shown in Fig. 4 . With the SRM, the proportional integral controller requests to alter its gains with any varying of the operating condition which represents the basic drawback of this controller.
Adaptive Fuzzy Logic PI Control
If a PI controller be accurately adjusted, the whole control performance will be enhanced and a significant reduction in the overshoot will be obtained. This aim can be gained by designing an appropriate adaptive fuzzy together with PI controller. Figure 5 shows Block diagram of adaptive fuzzy logic PI controller. The fuzzy controller procedure, in general, is usually sectioned into the following three stages: fuzzification, inference engine and defuzzification. In the fuzzification stage, the real world parameters are converted into fuzzy sets. The control algorithm is coded using fuzzy statements in the block enclosing the information base by taking into consideration the control goals and the system performance. In a fuzzy inference engine, the control actions are coded by means of fuzzy inference rules. The suitable fuzzy sets are realized on the ranges of the involved variables, and fuzzy logic operators and inference methods are modeled in numerical terms. Finally, in the defuzzification block, the results of the fuzzy computations are converted into real values for the fuzzy control action. Each part of FLPI controller system is described in details in the next sections. The overall control system of FLPI along with the SRM is presented in Fig.6 . 
Membership Functions
In the fuzzification and defuzzification, the membership functions are played an essential role in the final performance of a fuzzy control technique. So, the control effect is strongly depending on the selection of the membership function. Due to its computational efficiency and simplicity, Gaussian function is used with proposed fuzzy logic as shown in Figs. 7, 8 . 
Fuzzy Rules
The differential equations are usually used for building the traditional control. However, IF-THEN statements about how to control the system are the language of fuzzy logic control, so an IF-THEN operator is the simplest and mostly used interpretation and, it supplies computational efficiency.
Nine control rules are designed and given in Table 1 . Every couple of speed error and speed error change inputs triggers one rule. The Mamdani sort controller is chosen because highly short time is needed for its improvement the simplicity with which its functions can be understood emulated with the Sugeno-Tagaki type controller. 
Output Normalization
The rules together the membership functions of the fuzzy inputs along with the engine inference, decide the output ufz(k) in the defuzzification. A scaling factor is used to denormalize this output for obtaining the real control input uf(k):
Pulse Width Modulation Control Mode
The information of both the phase reference currents and the actual ones are treated using the feedback pulse width modulation (PWM) technique with adjusted hysteresis-band which is a function of phase current. The current command is added and 
Simulation Results
Starting
In this test the motor is started at rated voltage with a load torque of 0.4 N.m. Figure 11 shows the speed response for the two types of control systems at starting. It is observed that for adaptive FLPI controller, the motor settles after about 0.2 sec with no overshoot while for conventional PI controller, it takes about 0.8 sec with an overshoot about 5%. Figures 12 and 13 show the current and torques responses for the two controllers at starting. The responses of the two controllers are comparable however, the conventional PI demands slightly higher current to overcome its higher torque overshoot. 
Speed change
The motor speed is subjected to a positive and negative step changes by 25%. Figure 14 shows the speed response for positive step change in the speed reference. It is clear that with adaptive FLPI the motor speed settles at the new level faster than conventional PI. The current and torque responses for this condition are shown in figures 15 and 16. It is observed that adaptive FLPI has a more bounded response. 
Conclusion
In this paper, both adaptive fuzzy logic PI controller and traditional PI controller are applied to an SRM represented by a simple nonlinear mathematical model. The phase inductance has been predicated from finite element analysis and a simple nonlinear model has been devised to represent it as a function of phase current and rotor position. The results show that the characteristics obtained from this model are comparable with those based on FEA. This model has been used to represent the motor incorporated into the proposed two types of control techniques.
The comparison between two controllers performance has been carried out at motor starting as well as speed and load changes. The results show that the fuzzy logic modifier reduces the overshoot in the speed, torque and current responses in the most operating conditions. It has been also shown that the adaptive fuzzy logic PI controller has a fast response compared to traditional PI controller. These results assure the validity and accuracy of the proposed inductance model to represent the SRM for control purposes. So, the nonlinear inductance model proposed in this article may also be used effectively with other control systems.
